We have created a non-clogging double stranded DNA filter using the nanofilter array DNA separation geometry. By applying pulsed electric fields in opposite directions we created a temporally asymmetric ratchet, which resulted in bidirectional migration of small DNA, less than 1000 base pairs. The direction of the DNA migration depends on the size of the DNA and can be tuned by changing the electric field strength and pulse length. It can be tuned such that only DNA below a desired size is allowed to pass though the device while the remaining DNA travels back towards the injection.
INTRODUCTION
We have created a DNA filter that takes advantage of the nonlinear dependence of the electrophoretic mobility on applied electric field in the nanofilter array geometry to create a temporally asymmetric ratchet [1] . The nanofilter array is a separation device that is made of a series of thin slits, typically 60 nm deep, which impedes DNA motion and leads to size-based separation of double stranded DNA for small molecules, below 1000 base pairs (bp) [2] . However, it is not actually a filter. Instead, it acts as a gel-like sieving matrix with an electrophoretic mobility that depends nonlinearly on the electric field. It has been shown theoretically and in simulations that such devices can enact a ratchet-like behavior in DNA by periodically alternating between two electric fields in opposite directions [3, 4] . Running the nanofilter in this manner allows the device to act as a filter, only allowing DNA below a desired size through the array while not clogging like a traditional filter. Alternatively, the ratchet mode can be used to enhance the resolution of a separation. A poorly resolved mixture can be injected and separated further. This study is experimental proof of the nanofilter array ratchet.
THEORY
Running the nanofilter array using two electric fields periodically applied in opposite direction to achieve bi-direction migration of DNA takes advantage of the non-linear mobility of the DNA as a function of electric field [3, 4] . At low electric fields the DNA cannot overcome the entropic barrier of the slit and it does not move. At high electric fields this barrier is small compared to driving force and all the DNA travels at the same speed. Between these limits the mobility of the DNA is size dependent. This gives the mobility a sigmoidal shape as a function of electric field [5] . The longer forward field is chosen to be in the middle of the size dependent regime and the shorter backwards field is chosen to be in the high field regime. The smaller DNA, which is able to enter the slit more easily due to more configuration entropy, moves farther forward during the forward pulse. Then all the DNA is pulled back approximately the same distance for the reverse field. The fields can be tuned in such a way that only DNA with a size below a cutoff size, N*, travel forward while the rest travel in reverse.
The net velocity for a given molecular size of DNA is given in Eq. 1.
where v is the velocity of the DNA at the applied electric field, t is the time of the pulse, the subscript 1 is for the forward field, and the subscript 2 is for the reverse field. To determine the velocities at the given electric fields we first run the mixture though the device with a DC field and find the velocity of the different species at that electric field. Once the velocities are known we chose an arbitrary time for the forward field and then varied the time for the reverse field. We then picked the time that gave us the desired size cutoff.
EXPERIMENTAL
We fabricated a nanofilter array device using projection lithography and a two-step deep trench etch. The first layer was the pattern for the channel and was etched to the depth of the slit, about 60 nm. The second layer again had the channels, but this pattern had 1 µm long covered regions in the separation arm that left the photoresist as an etch mask. This was then etched to the final depth of 320 nm, leaving every other 1 µm long section still at 60 nm. The 1 µm long shallow and deep regions (60 nm and 320 nm deep, respectively, see Figure 1 ) are repeated to give a 5 mm filtration length in the channel, which includes a shifted-T injection scheme. Once the pattern was etched into the silicon we made access holes, grew a 200 nm thermal oxide layer and sealed the device with borofloat glass using anodic bonding. To run the device, first the channel is then filled with ethanol to achieve initial wetting. This was replaced with water and finally replaced with a 5x TBE buffer with 0.07% (w/v) ascorbic acid and polyvinylpyrrolidone and 3% (v/v) β-mercaptoethanol. Approximately 300 µg/ml of a DNA fragment mixture dyed with the intercalating fluorescent dye YOYO-1 is added to the chip. The fragment mixture contains 5 different sized species of DNA: 50, 150, 300, 500, and 766 base pairs. To calibrate the devices a separation was performed using a DC field. From these experiments the elution order was confirmed, with and the smallest DNA moving the fastest and the largest moving the slowest. Also, the velocity of the different species at different electric fields was determined; then using Equation 1 we were able to pick electric field strengths and pulse times to give the desired separation. The DNA is electrokinetically injected and driven at a high field to the center of the array. Once at the center, alternating forwards and backwards fields of different strength and duration are applied to achieve separation of the DNA. The electric fields were calculated using an effective length, which takes into account the resistance of the thin regions in the chip. 
RESULTS AND DISCUSSION
When applying a forward electric field of 20 V/cm for 30 seconds and a reverse field of 37 V/cm for 7 seconds the DNA electrophoreses out from the center peak with the largest 2 fragments moving towards the injection, to the left, and the three smallest peaks moving to the right out of the array, as seen in Figure 2 . The cutoff molecular weight for the filter can be adjusted by changing the electric field strength and/or pulse times without making a new device, as seen in Figure 3 . In this run only the smallest DNA travels forward while the larger four DNA travel back to the injection point. One could imagine collecting one set of the fragments then changing the electric fields to collect the second and so on to completely fractionate the mixture. Since all of the DNA are mobile, this creates a tunable, non-clogging DNA filter. 
CONCLUSION
We have shown that the nanofilter array separation geometry can be run with a temporally asymmetric ratchet to achieve bi-directional migration of DNA. Although these experiments were performed by injecting a small sample, true filtration can be achieved by adding an injection port between a two reservoir channel. This could type of device could be integrated as a filtration step for lab-on-a-chip devices designed to perform multiple DNA manipulation operations [6] .
